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Abstract

Particle-in-cell simulations of the beam-plasma

instability for intense relativistic ●lectron beams

in denne plasmas chow rapid heating of the ●lectrons

to multi-kilovolt temperatures, The resulting hydro-

dynamic motion of the plauma results in den~ity

gradients that degrade the interaction. He-t flow

out of the plasc , is found in some instances to limit

Introduction

The concept of using intense relativistic elec-

tron beams to he~t high-density planmas for inertial

fusiou is cu:rently being investigated at Lot Alamos

[1-3]. The heated plasma surrounding the fusion

pellet provides ●n ●fficient transfer of energy from

the besm to the pellet ●nd uvoida the preheat problem

●ssociated with high-voltage beams. In order for

this concept to be a viable itsertitl fusion driver,

the beam ●ust couple efficiently to the plaomo.

Previous studies have shown that efficient

●nergy coupling in possible via the relativistic

beam-plasma or two-stream instability [4], This

instability operates at the plaoma frequency ●nd most

or ~}.e ●nerEY tranofer is to the plasma ●lectronn.

Furthermore, it is found that plaama density

gradienta ●ay degrade the interaction, The heating

of the plasma electrons raioes the sound opted ●nd

allows the ions to ●eve, thus formin8 density

gradients.

tbe gradient formation process,
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12 C/U.Ip, where c i. the ●peed of light and USpis the

plasma frequency. Into this region is injected an

●nular electron beam with Lorentz factor y = 2

(500 keV) and current 23 M. The beam ia mono-

●nergetic, but it haa ● mean ●ngular scatter about

Qhe ●xial direction of ~ = 0.03. The inside radius

of the beam is taken to be 200 c/uJ ●nd the thickness
P

isl 2 c/ul , The aimulationa ●re performed with dimen-
2

●ionleps parameter; but for ● plaama density of
~016 CM-3

8 these dimenaiona correspond to ● beam with

●n inner radiua of 1 cm ●nd ● thickness of 100 pm.

All simulations were performed with an ●xial magnetic

field, Uc/w = 0.3, where suc
P

ia the ●lectron cyclo-

tron frequency,

The beam particleb ● re ●baorbed when they atrike

the conducting boundaries and the plasma particles

● re thermally re-emitted from the walls with a

temperature of ● few ●V, The injection velocity of

the beam particles ia held constant ●nd the charge of

the Farticlea ia increaaed over a period of about

150 w;] to gradually eatabliah the beam current and

●now self-conni~tent return current ●nd charge

neutralization by the plauma, It ia ~dequate to

aimvlate only the ●nnular region ●bout the beam

becaune the instability ia ●aaerstially ,.!ectroatatic

●nd the fields vaniah ● couple of c/uJ outsidr the
P

beam [6], Also the self-conaiatent return current

ilowa within ● couple of c/w of th~ beam,
P

The

●imslation eel’ size la 0,4 Cfwn x 0.4 C/LUD, 9 beam

This paper reportc the remultm of ● nuuerical

study of the self-conaiatent gradient formation

procena, perform~d with the particle-in-cell simula-

tion cod? CCUBE [5], The code ia 2$-dimensional,

fully electromagnetic, ●nd relativistic, The ●imula-

tiona were performed in the r-z plan~ of cylindrical

coordil,atea,

Simulotiort ParPmet@rn-.. . . ——=.—. ._-. —

Am exhauatiw parameter study of this problem ia

impcsalbl~. Therefore, the parameterrn were choaett

to ●pp:onimate the partmet?rt of re,wst exp~rimenta

12-3]. Th? timulationa begin with ●n ●nnular rosion

of plaana encloacd by ● conducting cylinder whose

insid~ radiua la 195 C/IU ●nd whoa~ thicirwaa la
F

particles/crll, ●nd 4 electron ;nd 4 ion p“art

celI ● rr used,

The Eff@ct of Gradientn-.— .. ___ .. ___ _______

For ● uniform plaama, the beam-plaamn

cleB/

nata-

hility la ●n abaolute instability growing in both

apace ●nd timr [7, 6), Figure 1 shown ● a~rirn of

anapahots of th~ phaae apa{r O! the beam an the

irs~tability devrlops for immbil? ions, Thr I>@amin

Inj@cted ● t R = f) and the instability grows apnt ially

until particle trappint l~ada to nonlinear ●aturs-

tion! Trapping occurs when the phan? apace brcomr~

double valued, Becaua? th? Inetahillty in ahaolute,

the trappint point gets ahortrl in time For ●

~olti ~m-?
d?nsity plaama, the aimu!ution lrt;gth



Fig. 1. Be-m phase ●pace plots for uniform plasma
●nd ~obile ions showimg ●baolute insta-
bility.

(80 c/wp) corresponds to 4-. The trapping length

can be seeo froa Fig. 1 to become less than 1 M.

If tbe gradients ● re weak enough, the insta-

bility will behave qualitatively like the uniform

density csse. However, if the ~rs:ients are

stronger, the instability becomes convective, which

limits the trapping le~gth [9]. Fieureo 2 ●nd 3 chow

phmse space snspshots from two rimulotionc with

imn>bile ions but with linear plasms density

gradients. In Fig. 2, the plasma dersity varies from

0.8 ● t Z = O to 1.0 ●t z = 80 c/wp in the dimension-

less units of the code. As can be seen, the insta-

bility retsicm it- ●bsolute character tnd the

trapping length shortems in time. For Fig. 3, the

density varist.ion i- from 0.7 to 1,0. In this chse

the instability becomes convective mnd the ttaFping

length ceases to shorten,

“
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Fig, 2s Beam phsse-spat? plots for PAM-4 with 20%
density variation ●cro90 the simulation
r~gion showin~ Uoi?om-1’ike ●bsolute imsts-
bilityt
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Fig. 3. Beam phase-space plots for plasme with 30%
dens ity variation ●cross tbe simulation
region showing the instability becoming
convective,

Hobile Ion Simulations—

Figure 4 shows phase-space snapshots for ●n

initially uniform system with mobil~ ions of the

proton mass. Note that the symtem is only 40 cfu
P

long. The ttapping Iengtb shorteus ●nd then begins

to lengthen until fin~lly the trspping iength exceeds

the length of the plasm~ end tbe beam stops deposit-

ing energy. The energy phase space for the plasma

electrons ● t wpt .=600 is shown in Fig, 5. It shows

the electrons being preferentially heated near the

center of the plasma to near 1 keV. The ●nergy loss

rig, h Beam phsse-space plots for mobile ior,s ●how-
ing quenchin~ of the inntsbility resulting
from ~on motion,
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Fig. 5. Energy-phase space plot for plmsma ●lectrons
showing localized heating.

●ppeara localized in ●pace near the point of trap-

ping. This raises the ion ●coustic speed enough to

●now the ions to move freely ●cross the mzgnetic

field dratging the electrons with them. This renultn

in ● locsliztd density depression forming ●n ●xial

plasma density gradient. The ion pocitions ● re

●hewn ● t upt = 1000 in Fig. 6. For these parameters

the gradient relaxea very nlowly so the interaction

remains quenched, ● t lea-t up to wpt = 2750.

However, for m longer system ●s showm in Fig. 7,

the trapping length ●ay remain #horter than the

pla~ma re~ion, The thermal re-emiosioo of the plamms

electrons from the boundaries provides ● mean- of

enerty 10-s so the plasma temperature ceames to

increa~e, ●nd the beem continuen to 10SP ●nerey.

Eventually the plasma ionc become heated, which ●lao

tendo to smooth the gradiento, The ion positions ● re

shown in Figs. 8 ond 9, Iletr wpt = 1000 the local-

ized ●otion oi the iono produce- an ●xial dennity

gradient. Becauae the nystem i- longer than in the

case diocussed previously, the interaction length crn

increase without stabilizing. Latez, the inkersction

ramchem s dynamic ●quilibrium where localized heatin8

produces ● ~radient that weaken- the interaction

followrd by I relaxation of the ~rsdient, which

strengthrno th~ interaction, ●nd the cycle repeats.

The fraction of the bemm ●nerty lent is ● com-

plicttcd funrtion of time ●id the pl~ama uniformity

[10], I%*s? simulation showed ●s much ● - 50% Ioaa

for th~ uniform CaDG compared with 15% for the lent

csce diocuosed, If the ion ●coustic sp~~d divided by

the ion cyclotron fr(~quency can b~ kept smeller than

the beam thickne-s, the me~netic field will prevent
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Fig. 6. Ion particle plot showing movement from
initially uniform distribution.
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dennity plameII. Furthermore*, significant coolina or

the plamm ●lactrons cau occur due to radistion, an

effe(i not imcluded in theoe cimulttiona.

244),/c

Pharc-opace plot for mobile ions in longer
●yotem ahowinc the effect of gradient forma-
tion m-king the instability convective but
remaAnin8 unatabl~.

formtion from radial diffusion of thr

This cau be ●chieved bv heatinx higher
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Fig. 8. Ion positions for the caae in Fig. 7 Mt
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Fig. 9. Ion pocilions ●t upt = 3500.
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